tight junction; gap junction; claudin; connexin; cadherin; calcium TO FUNCTION AS A COHESIVE TISSUE, the activities of individual cells are coordinated at cell-cell contact sites. These sites are composed of transmembrane and peripheral protein components that provide a scaffold to interlink these elements with the cytoskeleton and serve to cluster cell adhesion molecules, ion channels, and junctional components into a functional complex (29, 48) . Cell-cell contact sites provide important spatial cues to generate cell polarity and enable cells to sense and respond to adjacent cells (32) . Junctional complexes at cell-cell contact sites are also control points for regulating solute flow across cell monolayers (through tight junctions) and from one cell to another (through gap junctions). Progress in understanding the regulation of pulmonary barrier function and roles for gap junctional communication by lung epithelium and endothelium was presented at the 2004 Experimental Biology Meeting held in Washington, DC.
DIFFERENTIAL CLAUDIN LOCALIZATION BY ALVEOLAR EPITHELIUM
Disruption of the paracellular alveolar permeability barrier is a significant pathological consequence of acute lung injury (8) . Transmembrane proteins in the claudin family act in concert with other transmembrane and peripheral proteins to form the physical basis for tight junctions (41, 42) . There are roughly two dozen different claudins. Epithelial cells simultaneously express up to six or more claudin isoforms. Cells expressing different claudins have different paracellular permeability characteristics (7, (43) (44) (45) . Whereas individual claudins have been shown to support the paracellular transport of ions, the mechanisms used by multiple claudins to form a tight junction barrier has not been well established.
Because cells often express multiple claudins, this raises the possibility that two or more different claudins in adjacent cells might interact heterotypically, through head-to-head interactions. A study of transfected fibroblasts suggests that claudin head-to-head compatibility is limited to specific claudin combinations rather than being universal (14) . Although claudin compatibility is an issue in a homogeneous epithelium, it is a more critical concern in the mature alveolus, where there are heterologous contact sites between type II cells and type I cells that express different claudins (45) . In this case, exclusion of incompatible claudins from type II-type I cell interfaces could potentially help regulate tight junction composition and thus paracellular permeability. Whether this is the case remains to be determined. However, it seems likely that the paracellular permeability of heterologous type II-type I alveolar epithelial cell interfaces will differ from that of homologous type I-type I and type II-type II contact sites. This could have functional ramifications for maintaining fluid balance in the adult lung.
In contrast to the mature alveolus, which is a heterogeneous epithelium, the developing air space consists of a more uniform monolayer of fetal type II cells. A tight seal is important for alveolar development, since accumulated fetal lung fluid induces mechanical distension and differentiation of fetal alveolar epithelial cells (11, 31) . Given this, barrier function of isolated human fetal alveolar epithelial cells in culture was examined (16) . Isolated fetal alveolar epithelial cells cultured in medium containing dexamethasone and cAMP plus IBMX (DCI) differentiate to a type II-like phenotype, whereas cells cultured in the absence of added hormones remain undifferentiated (16) . DCI-treated fetal alveolar epithelial cells cultured on permeable supports formed high-resistance monolayers (Ͼ1,700 ⍀ ⅐cm 2 ), consistent with the ability of fetal type II cells to form tight junctions. In contrast, undifferentiated fetal alveolar cells formed leaky monolayers (Ͻ300 ⍀⅐cm 2 ). At the mRNA level, the major tight junction proteins upregulated by DCI treatment were claudin-5 and claudin-18. None of the other proteins examined showed more than a twofold change in mRNA expression, including other claudins, occludin, junction adhesion molecule-1, and scaffold proteins. In addition, at the total protein level, differences between DCI-treated and untreated fetal alveolar cells were modest.
The difference between DCI-treated and untreated cells was more dramatic when the cells were examined by immunofluorescence microscopy ( Fig. 1 ). In DCI-treated differentiated cells, claudin-3, claudin-4, claudin-5, and claudin-7 were localized to the plasma membrane. In contrast, undifferentiated alveolar epithelial cells had a prominent intracellular claudin pool and showed discontinuous claudin labeling of the plasma membrane. The intracellular pool of claudins colocalized with early endosome antigen-1, suggesting that undifferentiated cells constitutively internalized claudins from the plasma membrane and that this process might compete for claudin incorporation into tight junction strands. This suggests that fetal type II cells either inhibit claudin endocytosis or stabilize claudin incorporation into tight junctions as a posttranslational means to regulate barrier function. Although the mechanisms that fetal alveolar cells use to regulate claudin localization remain to be elucidated, these data suggest that coordinated increases in fetal type II cell differentiation and barrier function might provide a positive feedback loop with the potential to help drive fetal lung development (11, 31) .
INTERCELLULAR SIGNALING BETWEEN ALVEOLAR EPITHELIAL CELLS
Physiological function of the alveolar epithelium requires intercellular signaling between type I alveolar epithelial cells and type II alveolar epithelial cells. The overall contribution of specific cell-cell interactions to lung function has been difficult to assess due to problems working with whole lung tissue and the lack of a culture model that contains both type I and type II cells. In an attempt to develop a heterocellular culture of type I and type II cells, type II cells were isolated and cultured on a rat tail collagen/fibronectin matrix supplemented with a limited amount of another extracellular matrix protein, laminin 5. After 7 days on this matrix, alveolar cell cultures contained a mixed monolayer of epithelial cells morphologically resembling either type I-like or type II-like cells, based on immunohistochemical staining of cell-specific markers, distribution of cell types, and cell morphology (24) . These heterocellular cultures of type I-like and type II-like cells provide an accessible in vitro model system to study alveolar epithelial cell interactions between and among the two alveolar epithelial phenotypes.
The cells of the alveolar epithelium are interconnected by gap junction channels that enable the flow of cytoplasmic metabolites, antioxidants, and signals from one cell to its nearest neighbor (26) . There are at least six gap junction protein (connexin) isoforms expressed by alveolar epithelial cells. The connexins expressed by type I-like and type II-like cells in heterocellular cultures resembled those expressed by type I and type II cells in situ (25) . This contrasts with the pattern of connexins expressed by alveolar epithelial cells grown in homogenous cultures and suggests that connexin expression by alveolar epithelial cells is influenced by neighboring cell phenotype and/or cell matrix interactions (1, 2, 4, 18, 21, 28) . The expression of comparable connexins by heterocellular cultures and cells in situ suggested an improved model for studying alveolar epithelial cell-cell communication in vitro. Consistent with the presence of connexins in both alveolar epithelial cell types, cells in heteroculture were coupled through gap junctions, as measured by transfer of microinjected dyes between cells with similar and distinct phenotype (25) . Connexin mimetic peptides inhibited dye transfer between cells in heteroculture, although dye transfer from type I-like cells to type II-like cells was less sensitive to peptide inhibition.
The transmission of stretch-induced Ca 2ϩ transients between alveolar epithelial cells suggests that changes in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) can contribute to integrated signaling in lung epithelium. For instance, mechanical stimulation of type I cells in situ initiates a transient increase in [Ca 2ϩ ] i that is transmitted to type II cells through gap junctions to stimulate surfactant secretion (3). Direct mechanical stimulation of type II cells can also stimulate changes in [Ca 2ϩ ] i and surfactant Isolated human fetal alveolar epithelial cells were cultured for 4 days in Waymouth medium containing dexamethasone, cAMP, and IBMX to promote differentiation toward a type II cell phenotype (A) or under control conditions to remain undifferentiated (B). The cells were then fixed, permeabilized, and immunostained for claudin-7. Claudin-7 was preferentially localized to the plasma membrane by differentiated cells; however, undifferentiated cells had a significant intracellular claudin-7 pool (arrowheads). Other claudins expressed by these cells had a similar intracellular distribution (not shown). This difference in claudin localization correlated with increased barrier function of differentiated fetal alveolar epithelial cells. Bar, 10 m. secretion (12) . However, alveolar epithelial cells have the capacity to transmit changes in [Ca 2ϩ ] i both directly (through gap junctions) and indirectly (through nucleotide secretion and paracrine stimulation of purinergic receptors). These differences have been observed in alveolar epithelial monocultures, where mechanical stimulation of type I-like cells induces gap junction-mediated transmission of changes in [Ca 2ϩ ] i (21) , whereas mechanical stimulation of type II-like cells induces paracrine signaling (23) (Fig. 2) .
To determine the pathway for intercellular Ca 2ϩ waves between phenotypically distinct alveolar cell types in heteroculture, we mechanically stimulated cells to initiate Ca 2ϩ waves and applied inhibitors of either gap junctional communication or purinergic receptor stimulation. Initiation of Ca 2ϩ waves from type I-like cells communicated increases in [Ca 2ϩ ] i to neighboring type I-like or type II-like cells via a gap junctional pathway (Fig. 2) . In contrast, communication of Ca 2ϩ waves from type II-like cells in heterocellular culture was more complex. Stimulated type II-like cells communicated increases in [Ca 2ϩ ] i to neighboring type I-like and type II-like cells via extracellular nucleotide release; however, communication to neighboring type II-like cells also occurred via gap junctions. Similar to the dye-coupling experiments, these Ca 2ϩ communication data are suggestive of selective molecular transfer between and among type I and type II cells (25) .
In summary, the heterocellular culture model of type I-like and type II-like cells grown for 7 days on a laminin 5/collagen/ fibronectin matrix provides a new model for the study of coordinated cellular physiology of the alveolar epithelium. Initial studies with this model show distinct connexin profiles and unique functional coupling pathways between the two cell phenotypes that may provide insight on interactions used by type I and type II cells to regulate alveolar epithelial function in vivo. Further study on cell communication and physiological outcome will help to elucidate roles for different connexin isoforms and changes in mechanisms of Ca 2ϩ communication in the alveolar epithelium.
ENDOTHELIAL CA 2؉ REGULATION BY CONNEXIN 43 IN ALVEOLAR CAPILLARIES OF RAT LUNG
In lung microvessels, endothelial cells serve a variety of functions, such as maintenance of the vascular permeability barrier, establishment of a nonthrombogenic luminal surface, and secretion of vasodilatory factors such as nitric oxide. Many microvascular endothelial functions are [Ca 2ϩ ] i dependent, and their signaling mechanisms involve critical increases in [Ca 2ϩ ] i . Previous studies using the fura 2 ratio imaging method to measure [Ca 2ϩ ] i in intact lung microvessels of the subpleural capillary bed demonstrated the transmission of [Ca 2ϩ ] i along the capillary wall through gap junctions (49) . Stimuli such as increased pressure or histamine increase the amplitude of [Ca 2ϩ ] i (27, 49) . However, the frequency of lung capillary Ca 2ϩ oscillations appears to be controlled by a subset of endothelial cells, called pacemaker cells, that actively generate [Ca 2ϩ ] i transients even under resting conditions (49) .
Analysis of 20-to 25-m-diameter lung venular capillaries facilitates measurements in a vascular wall consisting purely of endothelial cells, since lung vessels of Ͻ30-m diameter lack smooth muscle, especially in the venous system. Also, the endothelial phenotype of cells in these vessels was confirmed by DiI-AcLDL labeling and the lack of smooth muscle actin expression (49) . This helps simplify the analysis of endothelial cell-cell [Ca 2ϩ ] i transmission, since these vessels lack myoendothelial junctions that can confound analysis of intercellular communication in the vasculature (5, 38, 46, 47) .
Connexin 37 and connexin 40 tend to be uniformly expressed by vascular endothelial cells in situ (39) . In general, large vessel endothelial cells show more connexin 43 expression than microvascular cells, which correlates with the extent of gap junctional coupling (35) . Here, connexin 43 expression by lung capillaries was confirmed by immunohistochemistry, consistent with other studies demonstrating connexin 43 expression by microvascular endothelial cells (19, 20) . Note that connexin 43 expression tends to be upregulated in areas with turbulent flow, such as vessel branch points, although connexin 37 and connexin 40 expression in situ are much less sensitive to flow (9, 15) . Interestingly, endothelial pacemaker cells also tend to be localized to microvessel branch points (49) , raising the possibility that they might express more connexin 43 than other capillary endothelial cells.
Transmission of [Ca 2ϩ ] i transients through gap junctions can occur either through the direct flow of Ca 2ϩ or through the flow of second messengers, such as inositol trisphosphate (13, 33, 34) . To examine the transmission of Ca 2ϩ through gap junctions, lung capillary endothelial cells in situ were loaded with a "caged" Ca 2ϩ compound and a Ca 2ϩ -sensitive dye, fluo 4. UV-induced photolysis increased endothelial Ca 2ϩ both at the uncaging site as well as at a distant location lying outside the uncaging area, indicating that the increase of Ca 2ϩ at the uncaging site was communicated to the distant site. Infusion of peptides that block intercellular communication through connexin 43-containing gap junctions completely blocked the photolysis-induced Ca 2ϩ increase at the distant capillary site but not at the photo-targeted site. A major conclusion of this study was that Ca 2ϩ increases in endothelial cells of lung capillaries are rapidly conducted to adjoining endothelial cells of the capillary. This has the potential to act as a signaling pathway and also provides a mechanism for decreasing localized increases in [Ca 2ϩ ] i by transmitting Ca 2ϩ throughout the interconnected endothelium. Diffusion of Ca 2ϩ through connexin 43-containing gap junctions appears to be the major mechanism for this protective response.
E-CADHERIN EXPRESSION IN LUNG VENULAR CAPILLARIES
The lung capillary barrier critically regulates fluid flux into lung tissue (10, 40) . Microvascular endothelial cells in culture have a biphasic response to treatment with hyperosmolar sucrose solution (36) . With short-term (1 min) exposure, the cells shrink and their barrier function decreases. However, with longer-term exposure (15 min), the microvascular cells recover and have increased barrier function. In part, this is due to stimulation of focal adhesion kinase activity which, in turn, promotes remodeling of the actin cytoskeleton (30, 36) . Ecadherin expression is also increased, which further promotes cell adhesion and provides a cytoskeletal anchor point for actin at cell-cell contact sites (17) . As opposed to the significant increase in E-cadherin expression, microvascular cells in culture expressed only low levels of vascular endothelial (VE)cadherin, in contrast to previous reports that VE-cadherin is expressed by endothelial cells of the lung (6) .
The cadherin isoforms expressed by lung capillaries in situ have not been characterized. To examine this, capillaries of the isolated, blood-perfused lung were immunostained using instilled anti-cadherin antibodies and then viewed by confocal microscopy (37) . E-cadherin was evident in both alveolar septal and venular capillaries. Costaining for actin with rhodamine phalloidin revealed occasional colocalization of E-cadherin and actin in resting capillaries. However, VE-cadherin expression was not detected. Consistent with studies on cultured microvascular cells, hyperosmolar infusion for 15 min increased capillary barrier function immunofluorescence (37) . This increase in barrier function was accompanied by an increase in detection of E-cadherin at the endothelial cell surface as measured by in situ immunofluorescence (37) . The level of filamentous actin also increased in response to hyperosmolar infusion, as did the extent of overlap between Ecadherin and actin in the pulmonary capillaries. Significant levels of VE-cadherin were not detected in hyperosmolar infused lung capillaries. Together, these data suggest that E-cadherin is the dominant cadherin expressed by endothelial cells of lung capillaries.
